Aim: In recent years, the relationships of arm circumference and calf circumference with swallowing function have been reported. However, the efficacy of using the neck circumference, which is closer to the swallowing-related muscles, has never been verified. Jaw-opening force, an indicator of suprahyoid muscle strength, is known to be useful for screening for dysphagia. The aim of the present study was to identify the relationships between neck circumference and swallowing-related muscle strength, and to clarify the association between these variables in older individuals.
Introduction
The reduction in skeletal muscle mass of the whole body as a result of aging causes lowered muscle strength, dysfunction and reduced capability in the activities of daily living of older individuals, and increases the risk of movement disorders, falls, fractures and systemic diseases. 1 Furthermore, reduction of skeletal muscle mass, including that of the swallowing-related muscles, also tends to lead to dysphagia. 2, 3 To measure and evaluate the skeletal muscle mass of older adults, imaging techniques, such as computed tomography (CT), magnetic resonance imaging (MRI), dual energy X-ray absorptiometry and bioelectrical impedance analysis have been found to be useful and reliable. In addition, anthropometric measurement methods are widely used, because they are non-invasive, involve a low cost and are easier to evaluate. Arm circumference (AC) and calf circumference (CC), which are anthropometric measurements, reflect skeletal muscle mass, and are used as diagnostic markers of nutrition status and sarcopenia. 4, 5 We have previously developed a jaw-opening sthenometer to measure suprahyoid muscle strength, noting that the geniohyoid muscle, the anterior belly of the digastric muscle and the mylohyoid muscle act not only on laryngeal elevation, but also on jaw opening. Jaw-opening force (JOF) is associated with the crosssectional area of the geniohyoid muscle 6 and correlates with the trunk muscle mass index. 7 JOF is related to the skeletal muscle strength of men and decreases with aging. Furthermore, it is a useful screening tool for dysphagia, especially for predicting pharyngeal residue, and forces of ≤5.3 kg in men and ≤3.9 kg in women are established cut-off values. JOF has been shown to have high intra-and interrater reliability, and it can be readily used to measure suprahyoid muscle strength. In recent years, associations of AC and CC with dysphagia have been reported. CC was shown to correlate with the jawopening force in older individuals who require long-term care and good oral intake. 8 In addition, AC is superior to CC for the evaluation of dysphagia, because CC is apparently affected by walking ability. 9 Furthermore, AC and CC were shown to be independent predictors of oral intake difficulty in older patients who were hospitalized in acute hospitals, 10 and it has been reported that swallowing function is related to body leanness.
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However, these measurement sites do not directly involve the neck, which is strongly associated with swallowing. Mastication and swallowing require cooperative movements of multiple oral and pharyngeal muscles, and particularly in the pharyngeal phase, the neck muscles play a very important role. Thus, neck circumference (NC) might reflect the swallowing-related muscles more directly. NC correlates with the cross-sectional area of the neck muscles in MRI, 12 and its measurement has been proven to have high intra-and interrater reliability. 13, 14 In previous studies, the association of NC with obesity, sleep apnea syndrome, diabetes, cognitive impairment and heart disease risk has been reported. [15] [16] [17] [18] Only one previous report has focused on the association of NC with swallowing function; the report indicated that the NC of older individuals who require long-term care was associated with undernutrition. 19 We hypothesized that NC would be a better indicator of swallowing-related muscles than AC and CC. In the present study, we examined the relationships between NC, measured immediately above the thyroid cartilage, and JOF, as an indicator of swallowing-related muscle strength, and between NC and repetitive saliva swallowing test (RSST) scores, as an indicator of swallowing function. We also investigated the factors that affect NC.
Methods

Design and participants
The participants were healthy community-dwelling individuals aged ≥65 years who were recruited from a health survey in Oyama City, Tochigi, Japan, and Tokyo Medical and Dental University between December 2016 and May 2017. Exclusion criteria were as follows: (i) those with a history of organic disease in the neck; (ii) those with a history of thyroid disease; and (iii) those who did not give consent to participate in this study.
This study was approved by the ethics committee of Tokyo Medical and Dental University (No. D2014-047). We gave a sufficient explanation of the study and obtained informed consent from all participants before carrying out measurements.
Measurements
All measurements were carried out by three dentists who were well trained in this respect.
NC
NC was measured by means of a measuring tape. Participants were instructed to sit in a relaxed position with their heads positioned with the Frankfort plane horizontal, 19 and the NC was measured immediately above the cricothyroid membrane ( Fig. 1) . The measurement error of NC was 0.3%, and showed good intraand interrater reliability.
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JOF
The JOF was measured using a jaw-opening sthenometer (Livet, Tokyo, Japan). The participants were asked to sit in a relaxed position with their mouth closed, and an adjustment belt and chin cap were secured as tightly as possible to the top of the participants' heads and under their jaws, respectively. Participants were asked to open their jaws using as much strength as possible. JOF was measured three times and the average value was calculated.
RSST
The examiner lightly placed the first finger on each participant's hyoid bone and the second finger on the Adam's apple; participants were then asked to swallow saliva repeatedly, as many times as possible, while remaining in a relaxed sitting position. When the Adam's apple moved down, past the finger pad, the examiner counted the laryngeal elevation as a swallowing reflex. The number of times the participants swallowed within 30 s was recorded.
AC and CC measurements
AC was measured at the midpoint between the tip of the acromion process and the tip of the olecranon process of the non-dominant arm with their elbow joint at an angle of 90 . CC was measured at the point of maximal circumference of the non-dominant leg with their knee at an angle of 90 in the sitting position. Each measurement was carried out once with a measuring tape.
Other measurements
Height, bodyweight and walking speed were measured. Walking speed was calculated by measuring the time required to walk a 5-m stretch in the middle of an 11-m straight course.
Statistical analysis
We examined the differences between men and women for each measurement, using Student's t-test or the Mann-Whitney test (α = 0.05). Multiple regression analysis was carried out with JOF as the dependent variable, and NC, AC, CC, age, sex and body mass index (BMI) as the independent variables. In addition, multiple regression analysis was carried out with NC as a dependent variable, and the factors affecting NC were examined by using age, sex, BMI, JOF, RSST, AC and CC as independent variables. Posthoc power analysis was carried out with G * Power 3.1 software (Kiel University, Kiel, Germany). P-values <0.05 were considered statistically significant. Variance inflation factor was used to check for multicollinearity. SPSS version 21.0J software (IBM Japan, Tokyo, Japan) was used for data analysis.
Results
Characteristics of participants
Of the 110 individuals recruited, 6 met the exclusion criteria and, thus, we finally included 104 participants (36 men, mean age 73.3 AE 4.3; 68 women, mean age 70.6 AE 4.3). Table 1 shows the characteristics of the participants. Age, NC, JOF and RSST were significantly different between men and women.
Multiple regression analysis
After adjusting for age, sex and BMI, significant explanatory factors for JOF were NC and sex, whereas AC and CC were not significant factors (Table 2 ; P < 0.01, adjusted R 2 = 0.32). In a post-hoc power analysis, the statistical power was 1.00 (α = 0.05).
Multiple regression analysis was carried out with NC as a dependent variable, and age, sex, BMI, JOF and RSST as independent variables (Table 3 ). Significant explanatory factors for NC were found to be sex, BMI, JOF and AC; of these, sex had the strongest association with NC. Age, RSST and CC were not identified as independent significant factors associated with NC. In this analysis, P was <0.01, adjusted R 2 was 0.65 and post-hoc statistical power was 1.00 (α = 0.05). 
Discussion
Multiple regression analysis showed that NC and sex were significantly associated with JOF, whereas AC and CC were not associated with JOF. To our knowledge, the relationship between JOF and NC in healthy older persons has not been reported previously. In a study of older individuals requiring long-term care in a geriatric facility, CC, but not AC, was correlated with JOF. 8 However, in the participants in that study, the activities of daily living level was not constant; thus, that study might have included both individuals who can walk unassisted and those who required assistance in walking. Furthermore, that study only investigated the correlation between JOF and AC or CC, and did not consider the influence of other factors. A large-scale survey of healthy community-dwelling volunteers in Japan had suggested that the muscle mass of the upper and lower limbs was characteristically affected by sex differences and age. 20 When comparing 20-and 80-year-old individuals, the rate of upper limb muscle mass decrease was 16.4% for men and 3.0% for women, emphasizing the marked difference between the sexes. Similarly, that of the lower limbs was 30.9% for men and 28.5% for women, without a significant sex-related difference, although the age-related decrease rate was larger than that of the upper limbs. Thus, the upper and lower limb muscle mass changes, which are reflected in AC and CC, track different aging changes. In addition, the rate of decrease of trunk muscle mass as a result of aging is the lowest, and was similar at 20 and 80 yearsof-age; thus, trunk muscle mass tends to be maintained longer than that of the limbs. In contrast, in cross-sectional studies of JOF in individuals aged 20-89 years, JOF was maintained in both sexes until 70 years. That is, in healthy older individuals, JOF is not markedly affected by aging, and is maintained for a relatively long time. 21 In the present study, the level of activities of daily living and walking speed of participants were generally constant and JOF was associated with NC, independently of age, BMI, AC and CC. In addition, we previously focused on the trunk muscle, which is important for maintaining posture and supporting respiratory function, and reported that the trunk muscle mass index is more useful than the skeletal muscle mass index for the evaluation of JOF. 7 We deduced that the reason for the relationship between JOF and the trunk muscle mass is that the suprahyoid muscle, hyoid bone, infrahyoid muscle and trunk are connected, forming an anatomical complex, and thus might possibly affect each other indirectly. The neck muscles, constituting the NC, and trunk muscles are less affected by aging, similar to JOF, and their characteristics might be less changed with age than those of the limb muscles. It is necessary to investigate the age-related changes in NC in the future. Taken together, the present findings suggested that evaluation of the trunk and neck might be more useful than evaluating limbs when assessing swallowing-related muscles.
In basic research studies using aging rats, the head and neck muscles were less susceptible to aging than were those of the limbs. 22, 23 Rahnert et al. postulated the following reasons for this:
(i) mastication, respiration and swallowing functions are more likely to be retained for longer than walking functions, 24 and (ii) many head and neck muscles have different developmental origins, myogenic programs, and myonuclear turnover as compared with those of the limb muscles. Because those muscles activate more p38 signal transduction in the MAP kinase cascade, which plays an important role in myogenesis and apoptosis than do limb muscles, muscle remodeling will occur more frequently by accelerating myonuclear turnover and activating satellite cells. It was suggested that this might contribute to the maintenance of the function of these muscles. 25 In the present study, NC was significantly associated with JOF. We measured NC immediately above the thyroid cartilage; thus, the NC measurement site of this study included the infrahyoid muscle group, such as the thyrohyoid muscle. When swallowing, the suprahyoid muscle group activity coordinated with that of the infrahyoid muscle group on electromyography. When opening the jaw, the infrahyoid muscle group fixes the position of the hyoid bone, after which the suprahyoid muscle group contracts. Thus, the suprahyoid muscle group and the infrahyoid muscle group are closely related in function. Therefore, NC, reflecting the thickness of the infrahyoid muscle group, might be related to JOF, which is an indicator of suprahyoid muscle strength.
In addition, the cross-sectional area of neck muscles on MRI were correlated with the actual NC value, 12 and the crosssectional area of the neck muscles on CT was related with the skeletal muscle mass. 26 That is, NC is inferred to be indirectly correlated with skeletal muscle mass. Furthermore, JOF was associated with the skeletal muscle mass. 6 These results support our finding of the relationship of NC with JOF.
Wakabayashi et al. reported that the NC of older people requiring long-term care did not correlate with the dysphagia severity scale score, but was associated with undernutrition. 19 However, in that study, NC was measured in the sitting or supine position, and the effect due to the postural change was not taken into account. NC increases by approximately 0.8 cm over time due to the movement of body fluids while in the supine position, and NC differs by approximately 1.4 cm between the sitting position and supine position in obese patients. 27, 28 Therefore, the conditions of measurement in that study might have posed a limitation. In the present study, we measured NC with participants in the same posture, in a sitting position, so that errors due to posture could be excluded. RSST is a simple screening test that does not require any special instruments and can be judged by individuals from multiple disciplines without requiring the use of swallowing videoendoscopy (VE) or swallowing videofluorography (VF). The sensitivity and specificity were 0.98 and 0.66, respectively, and it is accepted as a highly reliable screening test of swallowing function. In the present study, NC was not related to RSST. In other words, NC is associated with the strength of swallowing-related muscles, but not with swallowing function. However, it should be kept in mind that the present study targeted healthy older individuals without swallowing disorders. We could not evaluate the relationship between NC and swallowing function of dysphagia patients in this study; thus, we would like to collect data by using VE and VF on patients and those with frailty in a future study.
The mean NC was 37.2 AE 2.7 cm in men and 33.9 AE 2.3 cm in women, and was, thus, affected by sex. Lean tissue is a substantial contributor to NC in men, 29 and women have a 59% smaller total neck muscle volume and 27% smaller total traced neck volume than men. 30 The total neck muscle volume of healthy adults can be predicted by two variables; that is, NC and sex, and NC correlates with the cross-sectional area of the neck muscles on MRI. Based on the above, it is suggested that NC, reflecting neck muscle mass, is susceptible to sex differences, which supports the results of our research. The present study had some limitations. NC was significantly associated with BMI in this study. NC is not an accurate index of cervical muscle mass, but is a measurement that also includes cervical fat mass. NC is used as an indicator of body fat distribution of the upper body, and its utility as a means of screening for obesity and sleep apnea syndrome has been reported. 15, 16 Therefore, in obese patients, NC might reflect cervical fat mass, and it might not be suitable for individuals with thick subcutaneous fat, such as those with sarcopenic obesity. We could not assess the amount of cervical adipose tissue included in the NC measurements of our participants. As NC measurement alone is affected by physique and fat tissue volume, it is necessary to examine NC while considering fat mass in future clinical field applications. Second, in the present study, patients with dysphagia were not included. To evaluate the swallowing function of healthy older individuals, we selected RSST as a non-invasive and easy-to-use test, but in the future, swallowing function should be more accurately assessed by using VE and VF, and the relationships between NC and swallowing function should be investigated in dysphagia patients.
